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Abstract 

Metastable impact electron spectroscopy (MIES) and UPS (HeI) in combination with ab initio calculations (CRYSTAL- 
code) were applied to study surface and bulk defects in LiF and CaF2. The investigated stoichiometric, defective and doped 
surfaces are LiF, LiF doped with Mg, and CaF2. The experimental information obtained on the electronic structure of 
stoichiometric and defective surfaces of LiF (100), LiF on W (110) and CaF2 (111) is discussed on the basis of the ab initio 
calculations. MIES spectra show features from Li agglomerates on the surface of electron bombarded LiF. The electronic 
structure of the LiF:Mg single crystal shows additional features above the valence band maximum caused by the Mg doping. 
These are identified as caused by the formation of (Mg-O) surface bonds. Exposure of CaF2 surfaces to X-rays (1486 eV) 
shows also formation of metallic regions on the surface. © 1998 Elsevier Science B.V. 
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1. Introduction 

During recent years the combination of  the electron 
spectroscopy techniques metastable impact electron 
spectroscopy (MIES) ultra-violett photoelectron 
spectroscopy (UPS (HeI)) and UPS (HeI) was demon- 
strated to be useful in monitoring the changes in the 
electronic properties of surfaces during the growth of  
insulating films on metallic or semiconducting 
substrates [1-6].  Insulator surfaces are seldom defect 
free; the most common defects are point defects 
like anion vacancies in the case of  ionic crystals and 
line defects like kinks, steps etc. MIES is capable of  
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giving information on the absolute position of  surface 
defects with respect to the valence band (VB) 
maximum [7]. 

In this contribution the combination of  MIES and 
UPS is applied to study the electronic properties of  
defects introduced systematically into insulating 
layers and bulk insulators (LiF, CaF2) by electron 
bombardment and by photons. LiF provides several 
outstanding point defects which are of  great 
importance for technological application [8,9]. LiF 
with F-type colour centers is known as one of  the 
important laser materials [9]. Thermoluminescence 
compounds on the basis of  LiF:Mg (LiF:Mg [9], 
LiF:Mg,T1 [8-10] and LiF:Mg,Cu,P [11]) have 
been demonstrated to be excellent ionizing 
radiation dosimetry materials. Surface metallization 
of  CaF 2 is of  great interest for high resolution 

0368-2048/98/$19.00 © 1998 Elsevier Science B.V. All rights reserved 
PII S0368-2048(97)00216-8 



726 D. Ochs et aL/Journal of Electron Spectroscopy and Related Phenomena 88-91 (1998) 725-732 

patterning of CaF2 crystals and films by photons 
[12] and electron beams [13-16]. The ultimate 
goal of such studies are structures of less 
then 2 n m  size [17] for microstructures in the 
semiconductor industry. 

Information on defects and dopants is obtained 
from a comparison of the electron spectra of defective 
and doped surfaces and the densities of states (DOS) 
at the surface and near-surface region. These DOS 
were calculated by ab initio techniques. 

2. Experimental 

thermal evaporation (1100 K) of single crystal LiF 
chips. The thickness of the produced film is estimated 
as 10 nm on the basis of XPS measurements. At 
this thickness the electronic properties of the film, 
as judged from the MIES and UPS (HeI) measure- 
ments, resemble the bulk LiF(100) surface (see 
below). CaF2( l l l )  single crystals and LiF:Mg 
crystals were cleaved in air and then rapidly 
introduced to UHV. 

Ca on Si(111) was prepared by evaporating Ca via a 
commercial Knudsen cell on the cleaned S i ( l l l )  
surface. MgO on Si(100) surface was prepared as 
described in Ref. [5]. 

For a description of the apparatus see Ref. [18] in 
this volume. Briefly, it is equipped with a cold- 
cathode gas discharge source for the production of 
metastable He*(3S/IS) (E* = 19.8/20.6 eV) atoms with 
thermal kinetic energies and Hel photons (E* = 21.2 eV) 
as a source for UPS. 

The kinetic energies Eki n = 21.2 eV (UPS) and Ekin 

= 19.8 eV (MIES) displayed in the spectra correspond 
to electrons emitted from the Fermi level EF of the 
substrate and correspond to a binding energy EB -- 
0 eV. Additionally the apparatus is equipped with 
the standard surface analytical tools X-ray photo- 
electron spectroscopy (XPS), Auger electron 
spectroscopy (AES) and low energy electron diffrac- 
tion (LEED) XPS, AES and LEED. 

MIES and UPS experiments on metal and insulator 
films grown on W( l l0 )  or S i ( l l l )  were performed 
biasing the target by 50 eV, which has been shown 
to have almost no influence on the spectral features. 
To avoid charge-up of the LiF(100), CaF2(111) and 
LiF:Mg crystals a flood gun (hot tungsten filament) 
was operated behind the investigated crystals; a 
potential difference of 2 V was applied between the 
filament and the crystal. To clean the surface of the 
LiF(100) single crystal (MaTeck company) repeated 
heating-sputtering cycles were required in order to 
remove surface adsorbates. Thereby the crystal holder 
was heated to about 1000 K, and the Ar + ions (500 eV; 
1/xA cm-2), incident under 70 ° with respect to the 
surface normal, were employed for sputtering. The 
cleanness of the crystal was checked with XPS as 
well as with MIES and UPS(HeI). The LiF films on 
W( l l0 )  were prepared as follows: LiF molecules 
are supplied to the clean W( l l0 )  substrate by 

3. Theory 

3.1. Methods for  the interpretation o f  MIES and UPS 

spectra 

The interpretation of the MIES results is based on 
the model introduced by Niehaus et al. in Ref. [19]. 
Briefly, only Auger Deexcitation (AD) of the He* 
(ls2s) probe atom can take place when it approaches 
the insulator surface, most probably at a distance of 
3 a.u.. A resonant electron transfer to the surface, 
being the precursor for the Auger capture process, is 
not possible due to the lack of states in resonance with 
the He2s orbital. A surface electron fills the He (is) 
hole while the He (2s) electron is emitted carrying the 
excess energy. The transition probability is propor- 
tional to the density of occupied states involved in 
the AD process. The electron is emitted from the 2s 
state located at the He probe atom. Therefore, in con- 
trast to UPS, the density of the empty states in the 
conduction band is of no concern for the interpretation 
of the MIES spectra. In a previous work on oxides we 
have already established that within the model of 
Niehaus et al. [19] the MIES spectra are well repre- 
sented by the surface density of states (SDOS) of the 
valence band states [5,6]. Despite the fact that the 
UPS (HeI) spectra depend on the joint density of occu- 
pied and unoccupied states in the near-surface region, 
we compare the valence band DOS directly with UPS 
(HeI) spectra. This appears to be justified as long as 
we are mainly interested in global features, such as the 
general shape, the total width and position of the 
valence band spectrum. 
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3.2. Surface density o f  states 

The density of states has been calculated using the 
CRYSTAL 95 computer code [20] designed for ab 

initio Hartree-Fock band structure calculations of 
periodic systems. However, up to now not much 
attention has been paid to the calculations of the 
surface density of states, which is relevant to the 
surface-sensitive systems like heterogeneous catalysts 
and electron spectroscopic methods such as MIES. 
The modifications of the densities of states (DOS) of 
LiF(100) surface induced by the atomic relaxation and 
by the presence of steps and kinks at the (100) surface 
have been investigated previously [21]. It was shown 
that the simulations correctly predict that the F2p peak 
in MIES spectra is narrower than in UPS spectra. This 
was shown to follow from the different depth of 
analysis: the MIES results are dominated by the 
emission of electrons from those states that protrude 
the most into the vacuum (i.e. the F2pz orbitals) while 
the UPS spectra are sensitive to the full F2p DOS in 
the near-surface region. 

In this study we concentrate on MgF2 and several 
composite superlattices derived from the LiF 
structure. In all cases Mg 2+ built into the LiF lattice 
is substituting one of the Li + ions in the expanded unit 
cell of LiF. The excess charge is compensated in 
different ways: (i) MgFz*7(LiF) (Gavartin), Mg 2+ 
and the cathion vacancy Vc are in nearest lattice 
sites and form a hexagonal net within the (111) 
plane as suggested by Gavartin [22]; (ii) 
MgF2*7(LiF) (interstitial), F- is inserted into a cubic 
interstitial site nearest to Mg2+; and (iii) MgO*7(LiF): 
an 0 2- ion is replacing the F- located nearest to Mg 2+. 

The equilibrium structures, corresponding to the 
minimum of the total energy of the crystal, have 
been found using the least square fitting of the 
adiabatic potential surface by a quadratic foi~m. The 
basis set for Li +, F-, Mg 2+ and O 2- ions optimized for 
the bulk LiF, MgF2 and MgO crystals is taken from 
Ref. [23]. In order to compare experimental electron 
spectra with the calculated density of states, 
broadening of the spectra due to different physical 
effects must be accounted for. We therefore used a 
Gaussian-shaped phonon broadening of FWHM = 
1 eV, which has already been applied for oxide 
insulators [5,6]. 

Some ab initio calculations for CaF2 with and 

without F centers are known to us [24,25]; more 
detailed calculations are in progress [26]. 

4. Results and discussion 

4.1. Electron bombarded LiF 

Fig. 1 shows the MIES spectra of LiF/W(ll0):  as 
prepared (1); after electron bombardment (2); and 
after additional heating the sample to about 600 K 
for 5 min (3). Fig. 2 (1) shows MIES results for LiF 
(100). 

The MIES spectrum of the LiF(100) diplays 
valence band emission with a pronounced maximum 
around a binding energy EB = 9.5 eV from ionization 
of F2p orbitals. The top of the valence band is found 
about 8.0 eV below EF. The MIES spectrum of LiF on 
W( l l0 )  is very similar to that of LiF(100). Because 
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(2) el. bomb. LiF/W(110) 
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Fig. 1. MIES spectra of LiF/W (110): as prepared (1); after electron 
bombardment (2); after additional heating to about 600 K (3). 
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Fig. 2. MIES spectra of LiF (100) (1), LiF doped with Mg 
(LiF:Mg) before (3) and after (2) heating. For comparison a 
MgO spectrum is shown (4). 

we are mainly interested in the identification of the 
smaller features in the spectra of Fig. 1, we only show 
the spectra starting from 12 eV kinetic energy. 

The MIES data (Fig. 1 (2)) obtained after the dosing 
of an approx. 3 nm thick LiF film on W( l l0 )  with 
electrons (500 eV; 1016 electrons cm -2) show an 
additional structure directly below the Fermi level 
centered about 5 eV above the top of the valence 
band. This structure is caused by ionization of the 
Li(2s) orbital. UPS (HeI) spectra (not shown here), 
taken simultaneously with the MIES spectra, show 
the VB emission only; Li(2s) is not seen in the UPS 
spectra. 

We give the following interpretation: The peak 
emerging during the electron dosing of the LiF film 
is caused by electron transfer to the metastable probe 
atom connected with the formation of He-* (2S) 
followed by autodetachment of the temporary ion. 

For such doses a partial metallization appears to be 
well established [27,28]. We find however that the 
valence band (F(2p)) emission is attenuated by not 
more than 20%. This shows that no uniform adlayer 
has developed. Instead, metallic clusters or colloids 
are formed (see Ref. [27,28]). 

After heating the bombarded sample (Fig. 1 (3)) to 
about 600 K the Li (2s) peak disappears. Some 
emission remains however visible above the top of 
the valence band when Li (2s) has disappeared. A 
peak at EB --- 5.5 eV is found. We attribute this feature 
to the oxygenation of the metallic regions by 
background molecules, in particular CO2 and CO. 
This interpretation is based on: (i) our observation 
of a very similar structure during the oxygenation 
of Li adlayers on tungsten [29]; and (ii) Jardin et al. 
[30], who have concluded that Li atoms present on 
the top of a damaged LiF surface are oxidized in 
the ambient vacuum. Increasing the temperature 
above about 1000K, the LiF film is removed 
completely. 

4.2. M g  doped L iF  

Fig. 2 shows MIES spectra of Mg doped LiF 
(estimated Mg concentration of about 1019 cm -3) as 
prepared (3) and after heating to about 1000 K for 
several minutes (2), and MgO films on Si(100) (4). 
For the Mg doped LiF crystal the structure, labeled F 
(2p), is present as for the stoichiometric LiF(100) 
surface (see Fig. 2 (1)). Therefore we conclude that 
it is also due to F2p ionization. 

In contrast to LiF(100) we find an additional 
shoulder (denoted as structure (S)) above the F2p 
valence band. This additional emission is confined 
to energies below about 3 eV above the top of the 
valence band emission. An interpretation of (S) will 
be offered on the basis of a comparison with the 
results of Fig. 3, which shows the total DOS for the 
defect structures described in Section 3.2 together 
with that of pure LiF and MgFe crystals. The DOS 
in the F(2p) valence band is virtually the same in all 
cases. The additional states within the LiF band gap 
are due to the 2p states of the interstitial F- ion in the 
case of MgF2,7(LiF) interstitial structure and due to 
the O (2p) states in the case of MgO,7(LiF). The 
important finding is that (Mgc2+-Va (anion vacancy)) 
dipoles produce no DOS in the bandgap of LiF(100); 
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Fig. 3. Calculated density of states (valence band region only) in 
LiF, MgF2 and LiF:Mg. 

the defect structures merely produce small modifica- 
tions within the valence band. 

The comparison of Fig. 2 with the numerical results 
of Fig. 3 shows a rather satisfactory agreement as far 
as the shape and width of the F2p valence band 
structure is concerned (for details see Ref. [21]. 

Our numerical results appear to exclude (Mg2+-Vc) 
impurity-vacancy dipoles as the origin for structure 
(S). They suggest that these defects produce merely 
resonances embedded into the valence band states, 
which are unlikely to be visible with the applied tech- 
niques. 

The simulations furthermore show that Mg 
impurity-F-dipoles (interstitial structure) [31] indeed 
produce states located in the band gap of regular LiF 
(about 2.5 eV above the valence band maximum (see 
arrow)). Therefore, in principle, such defects could 
contribute to structure (S). However, we discard 
these defects as the main source for (S) with the fol- 
lowing arguments: (i) the formation energy for the 
interstitial phase is much larger than that for the 
vacancy-rich structures; (ii) the volume increase due 
to the large concentration of the interstitial ions have 

not been observed experimentally; and (iii) there is 
apparently no reason why the interstitial defects 
should be confined to the surface. Thus, structure 
(S) should be more prominent in the UPS than in 
the MIES spectra because UPS probes the sample 
several monolayers below the surface while MIES is 
exclusively surface-sensitive. UPS measurements (not 
shown here) do not show a more prominent structure 
(s). 

We arrive at a possible explanation for structure (S) 
by taking into account: (i) our MIES/UPS results for 
MgO surfaces [5]; and (ii) the calculation of the 
energetic position of (Mgc-Oa) centers in MgO 
doped LiF crystals (Ref. [1] and results for defect 
structure (iii)). In the following we will demonstrate 
that the results for LiF:Mg can be explained con- 
sistently by assuming that Mg species present at the 
surface of LiF:Mg react with oxygen containing 
molecules of the ambient vacuum, thus producing in 
this way (Mg-O) bonds at the surface. 

In order to analyze the adsorption and lumines- 
cence spectra of LiF-MgO crystals, the energetic 
position of (Mgc-Oa) centers was calculated [32]. 
The calculation predicts that these centers induce 
occupied states around 2.7 eV above the valence 
band maximum of stoichiometric LiF. Thus, the posi- 
tion of the (Mgc-Oa) centers agrees closely with the 
position of structure (S) for LiF:Mg. Moreover, it is 
found quite generally that oxygen defects in fluoride 
crystals generate states localized above the top of the 
valence band maximum [33]. Summarizing, the avail- 
able evidence from experiment and calculation 
suggests that the Mg induced defects at the surface 
of LiF:Mg are (Mg-O) centers. 

Heating the surface to about 1000 K (Fig. 2 (2)) an 
additional structure (labeled Mg(3s)) appears in the 
MIES spectrum at and directly below the Fermi 
level EF. Similar emission at the Fermi level was 
observed after bombarding LiF films with electrons 
(see above). Apparently, the intensity at the Fermi 
level signals again the presence of metallic regions 
on the surface. Such metallic regions are not pro- 
duced, even for temperatures of 1000 K, on a regular 
LiF surface. Therefore, we suppose that these regions 
consist of Mg species which have diffused to the 
surface at elevated temperatures. A second feature 
of the heated LiF:Mg crystal is a peak at EB = 6 eV. 
The electronic structure of MgO (4) shows a peak at 
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the same position, therefore we assign the peak to 
metallic areas on the surface which are oxydized by 
the residual gas (CO, CO2). The results obtained for 
MgO.7(LiF) (see Fig. 3) strongly support this picture. 

4.3. Photon irradiated (hu = 1486 eV) CaF2 

Fig. 4 displays the MIES spectra of CaF2 (111) after 
photon irradiation (hu -= 1486 eV) (2) and after addi- 
tional heating of the sample to about 600 K (1), Ca 
layers (thickness > 20 nm) on Si (111) (3), and Ca/ 
Si(111) after exposure to about 300 L 02 (4). Fig. 5 
shows the corresponding UPS spectra. The MIES 
spectrum of irradiated CaF2 shows a structure at and 
below the Fermi energy EF, similar to that of the Ca on 
the Si (111) spectrum (1). The small contribution in 
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Fig. 4. MIES spectra of irradiated CaF2 (111) before (2) and 
after (1) heating to about 600K, Ca on Si (111) (Ca layer 
thickness > 20 nm) (3) and Ca/Si (111) exposed to about 300 L 
02 (4). 
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Fig. 5. UPS spectra of irradiated CaF2 (111) before (2) and after 
(1) heating to about 600K, Ca on S i ( l l l )  (Ca layer thickness 
> 20 nm) (3) and Ca/Si (111) exposed to about 300 L 02 (4). 

(2) just beyond EF is due to the Auger de-excitation 
involving He (2 IS) atoms (contributing about 14% to 
the total beam intensity). Because the emission in (2) 
extends to EF, this indicates that the surface develops 
metallic properties during irradiation. Purely metallic 
patches, at least large enough to form a metallic band 
structure, develop. 

A peak at EB = 5.2 eV is seen in the MIES and UPS 
spectra of (1) and (2). MIES and UPS spectra (4) for 
oxidized Ca on Si (111) show the same structure 
caused by O2p ionization. We attribute the structure 
at EB = 5.2 eV to the formation of (Ca-O) complexes 
(see also Ref. [24]): as soon as metallic areas are 
formed on the irradiated CaF2 sample, the surface 
becomes very reactive against oxidation by adsorbates 
present on the ex-situ cleaved sample and the residual 
gas in the UHV. It could be shown that CaF2 samples 
cleaved in UHV show smaller oxygen features [34]. 
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In summary, photon-irradiated CaF2 surfaces show 
two new features similar to those found for electron 
bombarded LiF (see Section 4.1). These are attributed 
to the formation of metallic areas on the surface and 
their reaction with oxygen atoms. 

5. Summary 

The electronic structure of the surface of defective 
LiF (after electron bombardment and doped with Mg) 
and defective CaF~ (111) (after photon irradiation) 
was studied with the electron spectroscopic tech- 
niques MIES and UPS (HeI). For the LiF-based 
surfaces an interpretation of the results was made on 
the basis of ab initio calculations (also presented in 
this work) which model the studied surfaces. In all 
studied cases the spectra are dominated by the F2p 
valence band emission. On electron bombarded LiF 
and photon irradiated CaF2 we detect, in addition, 
emission close to the Fermi level which we attribute 
to the presence of Li patches on the surface. Another 
feature about 6 eV below EF could be identified by 
comparison with our measurements on MgO and CaO 
as oxygen species at the surface presumably originat- 
ing from molecules of the residual gas. Mg doped LiF 
shows only the feature 6 eV below Ev which we 
attribute to (Mg-O)  surface complexes; after heating 
the surface to about 1000 K a structure near the Fermi 
energy develops which could be identified as Mg 
patches on the surface. 
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